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Relativistic Heavy-Ion Collisions

made by Chun Shen ; Kinetic
reeze-out

Hadronization __
Initial energy i
density
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uchbmum . .
ynamics_ viscous hydrodynamics

free streaming

collision evolution

t~0fm/c T~1fm/c T ~ 10 fm/c T ~ 10!° fm/c

!

 Initial Collision * Pre-Equilibrium QGP * Hydrodynamic
« Off-Thermal =) . Thermalization =) . Thermal
 Gluon Saturationmsp |+ Chemical Equilibration =) - Gluon/Quarks
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Effective Kinetic QCD

Effective Kinetic Theory (Arnold, Moore, Yaffe) at LO AMY,JHEPO1 (2003) 030
AMY,JHEP0206(2002)030

Kurkela, Mazeliauskas,PRD99 (2019) 054018
0 = > - > > Z—exp ~ — 1 —
o faB:) = =CI 1) - P L. ) ~C LB, a=g,u,u.d.d, s, S

Explicitly solve Boltzmann equation for massless gluon and 3 light quarks/anti-quarks
as an integro-differential equation
including 2 « 2 elastic processes and 1 < 2 inelastic processes

IR

2 « 2: Color screening by 1 « 2: Collinear radiation
Debye mass fit to HTL including LPM effect via
calculation effective vertex resummation
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Turbulence in QOGP
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Weak-Coupling Thermalization

Evolution of over-occupied plasma Over-occupied systems
f(t.p) <p><<T

Direct energy cascade

N\
AN

\ TR
RS

LN = Far from equilibrium

T | HER |
1T 11 [
Pras(t)=Q(Qt)F Large separation of scales

Evolution of under-occupied plasma

ft.p)

Under-occupied systems
<p>>> T

Inverse energy cascade

Schlichting, Teaney, Ann. Rev. of Nuc & Part. Sci. 69:447 (2019)
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< A=0.1 halea 10
10* +O 10t = —— 1Teq=10
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o = '(7L2Teq=10_1
5 10° g 10° B2 00
0] m — 027210
E 102 WD 102
O 5
2" 5" Gluon
0 10° uj_ 10° F
o (@)}
-1 c -1 L
K s | <p>=0.2 A=0.1
102 ¢ 102 X X =
10 10 10
Qt)’p/Q
Self-similar Turbulence Universal Scaling Function
_ &' B p 3 p
fow.t) = @) fs (@) ) fs(@r%)

Scaling Exponents from pure Yang-Mills plasma :) a=-4/7, B=-1/7
Also work for QCD plasma: Gluon domination Q Berges, Boguslavski, Schiichting,
/;D Venugopalan, PRD89(2014)114007
: Abraao York, Kurkela, Lu, Moore,
Quark spectra are following gluon spectrum PEDBO(2014)074036
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Scale Evolution

<p>, e . 17
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10 107 10 10° 107 10‘210‘210'1 10° 10" 102 10° 10° 102 10 120” 10! 10? 10° 10
W Teq W Teq
<p>,=0.2 A=0.1 <p>,=1.0 A=1.0

10?1071 10° 10' 10?

T

<p>,=1.0 A=10.0

10°

Self-similar Scaling: pow-law evolution

\ uon
\\h

-

——— Gluon(A=10,<p>,=1)
—— Quark(A=10,<p>5=1)
——— Gluon(A=1,<p>3=1)
—— Quark(A=1,<p>y=1)

s . 14
Not limited to pure Yang-Mills ¥ 1ol
Even work for stronger coupling %3: |
. . . 'E” 0.8 |
Chemical Equilibration .
. . oy . (m] b6
Later than kinetic equilibration n—————) 5,
Equilibration relaxation time tHooft coupling ® 02/ Quark
Tr = M A =dmras N, 00 0|.5 1
R T Kurkela, Mazeliauskas,PRD99 (2019) 054018
€q KOMPOST, PRC99 (2019) 034910
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Distribution: f

100 ==~ | 103 =
10 SN 1 10° b~ 7
101 3 —_ G'Uon _ 101 i \\I\\—7:2 Quark
107 |—— tAST, =0 Inl-je T 107 R e <
10° | tl§T§g=10? energy loss | h 102 | \;“g%gﬂTeq:ﬁ)bQ\_\ ~o
102 |7 Poleq=10 & 10° DR O
4 [—— iTeq=10 g 10, 2Teq=10,
10 2-€0” .3 > 107 ¢ Mo Teq=103 T
-5 - t?\. Teq=10 a 5 ’C?L2T Q_1 03 ~ O
107 b 02T =3x10° B 100 T BeqeaTyl s v 0
100 F------ ther,%qm build up soft e it % 1080 :[Cherrﬁ%T X ~
107 |——— KZform thermal bath i\ a 107 |——_ <(T/p)¥ k=5/2
1 0_8 WRH OpH d'x 10_8 ORy
9 » \ 9 B
10 L 10 L
10-10 Y. y ¥ ‘ 10-10 Voo Y '} |
10 10° 10" O 10" 10° 10'
e p/T — — P/Te
Gluon mini-jet/jet: e <p>,=30, A\=1 a
» Kolmogorov-Zakharov spectrum (exponent k=7/2 for gluon)
o
. (P)o
frz(P,t) =n(t) (—
p
« Bottom-up thermalization R. Baier, et al. PLB502(2001)51

1. Emission of (soft) quarks and gluons
2. Radiative breakup by multiple branchings -> build up soft thermal bath
3. Mini-jet energy loss -> heating up thermal bath
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0 p o Antiquark

g 100} RN a O G
o 10_2 F— tlzTeq:O o NS T o 10 — -
;o1 g ] 2
o 10 o eeqT 2 o o
= 4 T =10 2 9
5 10 - R =
a3 v tAoTeq=10° 3 5
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@ 10% ) e thermal % 5
o 10'; ——— KZform a a

10_9 Oy
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10-10 ¥ |

107 10° 10
P/Teq

Quark mini-jet/jet:
* Bottom up thermalization

« Kolmogorov-Zakharov spectrum
1. Quark follows k=5/2 to k=7/2
2. Gluon follows k=7/2

3. Antiquark follows gluon (secondary production)

« Same pattern as for in-medium mini-jet/jet evolution with
unified description of soft and hard sectors
» Equilibration of Jets Soudi, Schlichting, 2008.04928
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Hydrodynamization of QOGP
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Pressure over energy p, /e
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Hydrodynamization

System initially highly anisotropic with CGC inspired gluon dist. & finite baryon/charge density

(Me/T)eq

e rr% _0 07
(Hg/T)eq=0-6
(Mg/T)oq=1-31
(up/T)eq=1.93
—— (Up/T)gq=2.38
-——— VISCOUS Hydro

0 05

1 15 2

25 3 35 4

(T)=(e+p)'c/(4n'r|)
1st-order hydrodynamics near equilibrium

const.
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|sotropization:
Larger chemical potential

¥

Larger fraction of quarks

¥

Slower isotropization

Ineffectiveness of quark interaction:
Spin degeneracy
Quantum statistics

Insensitive to initial conditions:
Non-equilibrium attractors from
kinetic theory

\ 4
Effective constitutive relations
far-from equilibrium PL f(f_u*)




Isotropization
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Gluon isotropy faster
Quarks isotropy slower

C

Gluon Systems Isotropization:

p /e - 1/3
> with long time
Quark L
Hydrodynamization:
—_ Nleg\ 4
= ~1.5 (2+ fﬁ) T,
Antiquark ¢ TP/ Seff
04 ‘
w ;f 0.3
o ———" Viscous Hydro
0 1

15 2 25 3 35 4
@=(e+p)t/(4mn)



= 0.3

l—.‘l |

= | Chemical Reaction:

q;é 0.25 | Energy transfer

=, f Quark/antiquark produced in
“:';’Es 0.2 f pairs

S 015} Chemical equilibration:

g 0.1 o (1) I

% 0.05 c+pl Tog

E .

0] 0 Lt | | Quark/antiquark asymmetry:

0 05 1 15 2 25 3 35 4 Mo.re.quarks.thanantiquarks
at finite density

o=(e+p)Tt/(47n) Net baryon density conserved

With all light parton degrees of freedom:
Realistic matching to hydrodynamics at finite density
(heavy-ion collisions at RHIC, forward rapidity at LHC, etc...)
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Energy Attractor

o 1
E‘” 0.9 Energy attractor: 4
g“’ 0.8 f g(m:(e+-p)frTeﬁ-): T3e
% 0.7 + ( Nleg ) 4 (T%e)eq
6] -
=% 0.6 y 4 - %ﬁ Asymptotes:
5 05 — =131 | i 2 _
2 S —— (up/M)eg=1.93 | &(@>»>1)=1--—Hydrodynamics
g iif?: f" - (]'-LB/T)eq=2-38 3w
< 04 p 0 Free Streaming| (5 « 1)~ (108 :
o /
“ 0.3 :
0.1 1 10

w=(e+p)t/(4mn)
Pre-equilibrium description connects initial state to hydrodynamics

. et o (720 T 31 o
(rie). = (an? ﬂ)ﬂ( ,"”ﬁ) (e7) 8 P (&)
“ €etp 30 Input to hydrodynamics through

(TAny). =((TAny), pre-equilibrium evolution
Giacalone, Mazeliauskas, Schlichting PRL123(2019)26

1
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Entropy Production and Scale Fixing

In equilibrium: Fixed from experimental/lattice data
Entro Charged particle multiplicity:
(‘.-'T) DY (E +p- zf :‘qunf) T chh Nch,( ) IS 0 12( ) g
eq [~ =~ TS D7 = U. TS T
T dn JS - o
Net Baryon Number
y - Entropy per baryon:
Angl= —An“ + — L\nf; s Ts
N TANE ) ac
l’ cs0 [ nTett 1147 5440GeV Xe-X
f 11 Nieff . —"—

o e
Non-equilibrium fromQattractor 450 | 12égge§- A
4 nl. v 400 | eV Au-Au
(rfe), = (ar T3 () (en)fCul(@) | 5 a0 82400V Al

N e + I) ) _ 56GeV_Au AU
s 300 | —— 39GeV Au-Au_ 1
(tAng). = (7Ang), = 250 | - -27GeV-AUAL
: 200 — ="
150 |
[ |
—) 50 |
0

Landau matching:
Time-dependent T and
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Non-equilibrium
trajectory to higher
baryon density

100 150 200 250 300 350 400

Hg[MeV]
To what extent does hydro occur at

lower-energy ?

0 50
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*  Turbulence in QGP

« Over-occupied system follows a self-similar universal scaling, not limited to pure Yang-
Mills theory but also for QCD, even for moderately strongly coupled system

» Under-occupied system follows a bottom-up thermalization

» Hydrodynamization of QGP

Ineffectiveness of quarks interaction in isotropization / equilibration
» Kinetic theory provides effective constitutive relation far from equilibrium
* Hydrodynamization ~ 1.5 Kinetic equilibration time << Isotropization time

« Realistic matching to hydrodynamics at finite density with universal attractor and fixed
certain scales from experiments (charged particle multiplicity, baryon density, etc...)
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